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Alopecia areata is suspected to be a T cell-mediated
autoimmune disease of the hair follicle, where Fas is
expressed on hair follicles and Fas ligand on perifollicu-
lar in¢ltrates. To elucidate whether the Fas/Fas ligand
pathway is of pathogenetic signi¢cance in alopecia
areata, we investigated whether alopecia areata can be
induced in Fas-de¢cient and Fas ligand-de¢cient mice
and whether alopecia areata develops in Fas-de¢cient
and Fas ligand-de¢cient skin. Therefore, we induced
alopecia areata by grafting alopecia areata-a¡ected
C3H/HeJ mouse skin on to C3H/HeJ mice (control),
on to Fas ligand-de¢cient C3H/HeJ-Tnfsf6gld mice or
Fas-de¢cient C3.MRL-Tnfrsf6lpr mice. All control mice
developed alopecia areata, whereas no Fas-de¢cient
mice showed hair loss and two of seven Fas ligand-de¢-
cient mice developed only transitory, limited alopecia
areata. Moreover, skin from C3H/HeJ mice (control),
C3H/HeJ-Tnfsf6gld mice, and C3.MRL-Tnfrsf6lpr mice
was grafted on to C3H/HeJ mice with extensive alope-
cia areata. Skin grafts from control mice developed hair
loss, whereas Fas-de¢cient and Fas ligand-de¢cient
skin grafts were spared from alopecia areata. Terminal
deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end-labeling and immuno£uores-
cence studies revealed an increased number of apoptotic
cells and expression of Fas on hair follicles as well as
expression of Fas ligand on cells of the perifollicular
in¢ltrate in C3H/HeJ mice with alopecia areata,
whereas in Fas-de¢cient and Fas ligand-de¢cient mice
apoptotic cells were virtually absent in hair follicles.
The results suggest that the Fas/Fas ligand path-
way plays an important pathogenetic role in alopecia
areata. Key words: apoptosis/autoimmunity/experimental
animal models/hair follicle/T lymphocytes. JID Symposium
Proceedings 8:104 ^108, 2003
I
t is widely accepted that the interaction of Fas ligand (FasL)
with its receptor Fas may lead to apoptosis of the Fas-ex-
pressing cell (Nagata and Golstein, 1995).
Fas has been shown to be expressed on hair follicle epithe-
lium (Bodemer et al, 2000) and FasL on cells of the perifol-
licular in¢ltrate in human alopecia areata (AA). Furthermore, an
increased number of apoptotic cells in hair follicle epithelium
and dermal papilla cells was described in AA (Tobin et al, 1991;
Norris et al, 1995). But nothing is known about the functional
role of Fas and FasL in AA, whereas in other T cell-mediated
autoimmune diseases, a functional role of Fas and FasL has been
demonstrated. For example, Fas-de¢cient Faslpr/Faslpr and FasL-
de¢cient Faslgld/Faslgld mice are relatively resistant to induction of
experimental autoimmune encephalomyelitis (Sabelko et al, 1997;
Waldner et al, 1997) and autoimmune diabetes mellitus (Kim et al,
2000; Su et al, 2000), indicating an important pathogenetic role
for the Fas/FasL system in the pathogenesis of these diseases.
Because AA is likewise regarded as a T cell-mediated autoim-
mune disease (Baadsgaard, 1991), we wanted to elucidate the
pathogenetic role of Fas and FasL in AA.We addressed the ques-
tion whether Fas-de¢cient and FasL-de¢cient mice are resistant
to the induction of AA.
For this study we used the C3H/HeJ inducible mouse model of
AA (Sundberg et al, 1994; Tobin et al, 1997; Freyschmidt-Paul et al,
1999). AA-like hair loss occurs spontaneously in 20% of C3H/
HeJ mice, but grafting AA skin from a¡ected C3H/HeJ mice on
to normally haired C3H/HeJ mice or on to mice from other his-
tocompatible strains will induce the disease in graft recipients
(McElwee et al, 1998). This technique provides a reproducible
and predictable model for the analysis of the AA immune cascade
because the in£uence of various pathogenetic factors on the
development of the disease can be studied.Abbreviations: FasL, Fas ligand; AA, alopecia areata.
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To answer the question whether Fas-de¢cient and FasL-de¢-
cient mice are resistant to the induction of AA, we attempted to
induce AA by this technique in C3.MRL-Tnfrsf6lpr (lpr/lpr) mice
and C3H/HeJ-Tnfsf6gld (gld/gld) mice compared with control
C3H/HeJ (þ /þ ) mice. Furthermore, to test whether skin of
gld/gld and lpr/lpr mice is resistant to the development of
AA haired skin from gld/gld and lpr/lpr mice was grafted on to
C3H/HeJ mice with extensive and long-standing AA.
MATERIALS AND METHODS
Animals C3H/HeJ (þ /þ ) mice with spontaneous AA-like hair loss
(Sundberg et al, 1994) and C3H/HeJ (þ /þ ) mice without hair loss as
well as C3H/HeJ-Tnfsf6gld (gld/gld) mice and C3.MRL-Tnfrsf6lpr (lpr/lpr)
mice were provided by The Jackson Laboratory (Bar Harbor, ME). C3H/
HeJ mice were bred with C3H/HeJ-Tnfsf6gld mice and C3.MRL-Tnfrsf6lpr
mice, respectively, to derive F1 mice heterozygous for the gld gene (C3H/
HeJ-þ /gld;þ /gld) and the lpr gene (C3H/HeJ-þ /lpr;þ /lpr), respectively.
Induction of hair loss in þ /þ , gld/gld, lpr/lpr, þ /gld, and þ /lpr
mice In order to induce AA, alopecic skin (1 cm diameter full-thickness
skin grafts) from 12 mice with AAwas grafted on to the back of seven gld/
gldmice, on to seven lpr/lprmice, on to 14 þ /gldmice, on to 16 þ /lprmice,
and on to seven una¡ected þ /þ mice as a control, according to the
technique as previously described (McElwee et al, 1998).
The hair status and the acceptance of the graft were examined and
documented daily. Mice rejecting grafts were excluded from the study
(two þ /gld mice, two þ /lpr). The time of onset of hair loss and its
duration were documented. Photographs were taken weekly and at the
end of the study. Twenty weeks after grafting, the animals were killed and
alopecic and nonalopecic host skin was snap-frozen in liquid nitrogen for
immunohistochemical examination.
Based on the photographs taken at the end of the study, the extent of
hair loss was assessed semiquantitatively by two independent investigators
according to the following scoring system: no hair loss, hair loss in small
spots (o1 cm2 total surface area a¡ected), and extensive hair loss (41 cm2
total surface area a¡ected).
Development of hair loss in grafts of C3H/HeJ, C3H/HeJ-Tnfsf6gld,
and C3.MRL-Tnfrsf6lpr skin To ¢nd out whether skin of gld/gld and
lpr/lpr mice is resistant to the development of AA, haired skin (1 cm
diameter full-thickness grafts) from gld/gld and lpr/lpr mice as well as from
þ /þ mice as a control was grafted on to the back of C3H/HeJ mice with
extensive and long-standing AA. Twelve mice received gld/gld skin on the
left side of their back and lpr/lpr skin on the right side of their back; two
mice received þ /þ skin (control) on the left side and gld/gld skin on the
right side; two mice received þ /þ skin (control) on the left side and lpr/
lpr skin on the right side and eight mice received only þ /þ skin (control)
on the left side of their back. In total, 14 lpr/lpr skin grafts, 14 gld/gld skin
grafts, and 12 þ /þ skin grafts (control) were transplanted.
The hair status of the grafts and of host skin around the graft was
examined and documented daily. Photographs were taken once a week
and at the end of the study. Mice that showed spontaneous hair regrowth
on470% of host back skin were excluded from the study (two mice with
þ /þ grafts, one mouse with gld/gld and lpr/lpr graft).Two mice that got an
infection with Pasteurella pneumotropica during the course of the study were
likewise excluded from the study (one mouse with þ /þ and lpr/lpr graft,
one mouse with þ /þ and gld/gld graft). Eight weeks after grafting, the
remaining mice were killed and the grafts and adjacent host skin were
quick-frozen in liquid nitrogen for immunohistochemical examination.
Based on the photographs taken at the end of the study, extent of hair
loss on the grafts was assessed semiquantitatively by two independent
investigators according to the following scoring system: no hair loss
(normal hair density), some hair loss (reduced hair density), extensive hair
loss (only single hairs or completely bald grafts).
Immunohistochemistry Frozen vertical sections obtained from all
mice were ¢xed in acetone and air dried. Between all incubation steps,
sections were washed with Tris-bu¡ered saline. Nonspeci¢c binding was
blocked by application of an avidin^biotin blocking kit solution (Vector
Laboratories, Burlingame, CA) and by 2% bovine normal serum and 2%
goat normal serum in Tris-bu¡ered saline. Subsequently, the slides were
incubated with the primary antibody, diluted in Tris-bu¡ered saline
containing 2% normal bovine serum, at room temperature for 1 h. After
washing, sections were incubated with the secondary antibody diluted in
Tris-bu¡ered saline, containing 4% mouse normal serum and 2% goat
normal serum, for 30 min at room temperature. After washing, a routine
staining method for avidin^biotin complex labeled with alkaline
phosphatase was used (Vector Laboratories) and counterstained with
Mayer’s hematoxylin. Negative controls included replacement of primary
antibody by normal rat IgG.
The following antibodies were used as primary antibodies: anti-CD4
(clone RM4-5, rat IgG2a; Pharmingen, San Diego, CA), anti-CD8 (clone
53^6.7, rat IgG2a; Southern Biotechnology, Birmingham, AL), anti-major
histocompatibility complex (anti-MHC) class I (clone ER MP 42, rat
IgG2a; BMA, Augst, Switzerland), and anti-MHC class II (clone ER-TR
3, rat IgG2b, BMA).
As a secondary antibody a biotinylated goat anti-rat IgG (Dianova,
Hamburg, Germany) was used.
Immuno£uorescence Immuno£uorescence double staining for ter-
minal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end-labeling (TUNEL) and Fas was performed in þ /þ mice that
were used for the AA induction study and in normal-haired þ /þ mice
without AA, as an additional control. Single staining for TUNEL was
performed in lpr/lpr and gld/gld mice that were used for the AA induction
study, and single staining for FasLwas performed in þ /þ , lpr/lpr, and gld/
gld mice that were used for the AA induction study, as well as in normal
haired þ /þ mice without AA.
Expression of Fas and FasL were assessed by use of rat monoclonal
antibodies against murine Fas and FasL (Pharmingen). Biotinylated goat
anti-rat IgG (Jackson ImmunoResearch) and the tyramide ampli¢cation
kit (DuPont NEN Perkin Elmer Life Sciences, Boston, MA) were used
for the visualization of these antigens, as described previously (Botchkarev
et al, 2001). For immuno£uorescence detection of TUNEL-positive cells,
cryosections were incubated with digoxigenin-deoxyuridine triphosphate
in the presence of terminal deoxynucleotidyl transferase (Invitrogen
Carlsbad, CA), as described in detail previously (Lindner et al, 1997).
Subsequently, TUNEL-positive cells were visualized by anti-digoxigenin
£uorescence in situ hybridization-conjugated F(ab)2 fragments. Sections
were counterstained by TO-PRO3. A multicolor confocal Zeiss
microscope was used for the preparation and analysis of images.
RESULTS AND DISCUSSION
AA-a¡ected mice show increased apoptosis in hair follicles
and expression of FasL in perifollicular in£ammatory
in¢ltrates Immuno£uorescence staining revealed the expres-
sion of Fas on outer and inner root sheaths of the hair follicles
in control mice without AA and on the outer and inner root
sheaths and matrix cells of AA-a¡ected mice. FasL was expressed
on outer and inner root sheath, the upper portion of the dermal
papilla, and the precortical zone of the hair matrix in control
mice without AA. Only single cells around the hair follicles
were FasL positive in these mice. In AA-a¡ected mice, FasL was
expressed on the proximal outer root sheath, on single cells in the
central inner root sheath and on single precortical cells in the hair
matrix. FasL-positive cells were abundant in the perifollicular
in¢ltrates of AA-a¡ected mice. TUNEL staining revealed only
single apoptotic cells on hair follicles of control mice (Fig 3A),
whereas AA-a¡ected mice showed a high number of apoptotic
cells in the outer and inner root sheaths and in the hair matrix
(Fig 3B). Some cells were double positive for Fas and TUNEL
in AA-a¡ected mice.
lpr/lpr mice are resistant and gld/gld mice are relatively
resistant to the induction of AA Grafting of AA-a¡ected
skin on to þ /þ mice, lpr/lpr mice, and gld/gld mice led to the
following di¡erences between the three groups. All seven
control mice developed extensive hair loss within 4^10 wk after
induction of AA (Fig 1A). lpr/lpr mice did not show any hair loss
within 20 wk after induction of AA, a 99.9% probability of
highly signi¢cant di¡erence by Chi-squared test (Fig 1B). Five
of seven gld/gld mice did not show any hair loss within the
course of the study, and two of seven gld/gld mice developed hair
loss 8 wk after grafting only temporary for 10 d and only in small
spots (o1 cm2), a 99.9% probability of signi¢cant di¡erence by
Chi-squared test (Fig 1C).
In gld/gld and lpr/lpr mice apoptosis is virtually absent on
hair follicles The TUNEL assay revealed that in gld/gld and
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lpr/lpr mice there were almost no apoptotic cells in hair follicles
(Fig 4), in contrast to control mice with AA that showed high
numbers of apoptotic cells in hair follicles and normal-haired
C3H/HeJ mice without AA that had single, isolated apoptotic
cells (see above) (Fig 3). lpr/lpr mice showed FasL expression on
the outer and inner root sheaths, and some precortical cells as
well as single FasLþ cells were found around the hair follicles.
There was no upregulation of FasL expression in lpr/lpr mice as
compared with control mice.
Immunohistochemistry showed dense perifollicular lympho-
cytic in¢ltrates of CD4þ cells and dense perifollicular and
intrafollicular lymphocytic in¢ltrates of CD8þ cells as well as
the expression of MHC class I and II on the outer and inner
root sheaths in control mice with AA. lpr/lpr mice exhibited
very sparse perifollicular in¢ltrates of CD4þ cells but no
perifollicular or intrafollicular CD8þ cells and no MHC I or II
expression on hair follicle epithelium. gld/gld mice without AA
showed single CD4þ and CD8þ cells around individual hair
follicles, but no MHC I or II expression on hair follicle
epithelium and only in those mice that had developed transient
AA there was a mild perifollicular in¢ltrate of CD4þ and
CD8þ cells.
Heterozygous þ /gld mice and þ /lpr mice develop AA after
experimental induction in 42% and 43% of mice,
respectively Five of 12 (42%) þ /gld mice and six of 14 (43%)
þ /lpr mice developed extensive AAwithin 20 wk after grafting
of AA-a¡ected skin, a 95% probability of signi¢cant di¡erence
by Chi-squared test for both groups. In both groups, mice that
had developed AA showed perifollicular in¢ltrates of CD4þ
cells and perifollicular and intrafollicular in¢ltrates of CD8þ
cells. Mice without AA did not show perifollicular in¢ltrates of
CD4þ or CD8þ cells.
gld/gld and lpr/lpr skin grafts are relatively resistant to the
development of AA (Fig 2) After grafting on to AA-a¡ected
(þ /þ ) mice, ¢ve of eight (62.5%) control skin grafts showed
extensive hair loss at the end of the study, two of eight (25%)
control skin grafts showed some hair loss, and one of eight
control skin grafts (12.5%) had no hair loss. No gld/gld skin
grafts showed extensive hair loss after grafting on to AA-a¡ected
(þ /þ ) mice, two of 12 gld/gld skin grafts showed some hair loss,
and 10 (83.3%) gld/gld skin grafts had no hair loss, a 99%
probability of signi¢cant di¡erence by Chi-squared test. Two of
12 (16.7%) lpr/lpr skin grafts showed extensive hair loss after
grafting on to AA-a¡ected (þ /þ ) mice, four of 12 (33.3%)
lpr/lpr skin grafts showed some hair loss, and six of 12 (50%) had
no hair loss (not a signi¢cant di¡erence by Chi-squared test).
In gld/gld and lpr/lpr skin grafts hair loss does not develop
despite of perifollicular lymphocytic in¢ltrates Immuno-
histochemistry showed a dense perifollicular in¢ltrate of CD4þ
and a dense perifollicular and intrafollicular in¢ltrate of CD8þ
cells in skin grafts from normal þ /þ mice, consistent with the
model system. Skin grafts from gld/gld and lpr/lprmice had similar
perifollicular and intrafollicular in¢ltrates of CD4þ and CD8þ
cells, although the staining intensity was weaker than in control
grafts.
CONCLUSIONS
These results show that Fas-de¢cient C3.MRL-Tnfrsf6lpr mice are
resistant, and FasL-de¢cient C3H/HeJ-Tnfsf6gld mice are relatively
resistant to the induction to AA in the C3H/HeJ mouse graft
model. This is consistent with the observation that Fas-de¢cient
Figure1. AA can be induced in control mice, but not in Fas-de¢-
cient and FasL-de¢cient mice. AA on the ventral surface of a control
mouse (A), no hair loss on the ventral surface of Fas-de¢cient (B) and
FasL-de¢cient (C) mice 20 wk after induction of AA by skin grafting.
Figure 2. Fas-de¢cient and FasL-de¢cient skin is resistant to the de-
velopment of AA. Extensive AA in host skin around the grafts (8 wk
after grafting of Fas-de¢cient and FasL-de¢cient mouse skin on to mice
with extensive AA) contrasts with hair growth from FasL-de¢cient (left
arrow, magni¢cation a) and Fas-de¢cient (right arrow, magni¢cation b)
skin grafts. Control C3H/HeJ skin grafted to AA-a¡ected hosts developed
AAwithin this time period (not shown). 15 mm=100 mm
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and FasL-de¢cient mice are resistant to the development of the T
cell-mediated autoimmune diseases experimental autoimmune
encephalomyelitis (Sabelko et al, 1997; Waldner et al, 1997) and
autoimmune diabetes (Kim et al, 2000; Su et al, 2000). þ /gldmice
and þ /lp mice develop AA in about half of the population, sug-
gesting a heterozygous e¡ect. Furthermore, Fas-de¢cient and
FasL-de¢cient skin is relatively resistant to the development of
AA in mice extensively a¡ected by AA. Therefore, FasL and its
receptor Fas play important pathogenetic roles in AA.
The results of immunohistochemical and immuno£uorescence
studies may help to elucidate the mechanisms by which the
Fas/FasL system is involved in AA pathogenesis: Fas is expressed
on hair follicle keratinocytes and FasL on cells of the perifollicu-
lar in¢ltrate, and the number of apoptotic cells is increased in hair
follicles of AA-a¡ected mice. Similar observations have been
made in human AA (Tobin et al, 1991; Norris et al, 1995; Bodemer
et al, 2000; 1). Based on these observations, we hypothesize that
the interaction of FasL-expressing cells of the perifollicular in¢l-
trate with Fas-expressing hair follicle keratinocytes leads to apop-
tosis of hair follicle keratinocytes with subsequent hair loss. This
hypothesis is supported by the observation that there is almost no
apoptosis in hair follicles of Fas-de¢cient and FasL-de¢cient
mice, suggesting that in AA apoptosis is induced in hair follicles
by the Fas/FasL system.
Although it should be borne in mind that Fas-de¢cient and
FasL-de¢cient mice that have not developed AA after induction
di¡er from controls regarding the perifollicular in¢ltratethe re-
duced number of perifollicular in¢ltrating cells in Fas-de¢cient
and FasL-de¢cient mice might also be responsible for the absence
of apoptotic cells in hair follicles. According to Suzuki et al who
showed that the Fas/FasL pathway is involved in costimulation of
CD4þ and CD8þ T cells in the early phase of an immune re-
sponse (Suzuki and Fink, 2000, Suzuki et al, 2000), the reduced
number of in¢ltrating cells may be explained by reduced prolif-
eration of CD4þ and CD8þ Tcells due to the lack of costimula-
tion by the Fas/FasL system.
A lack of costimulation via the Fas/FasL system in the skin
may be responsible for the AA resistance of FasL-de¢cient
skin grafts. Alternatively, the AA resistance of FasL-de¢cient skin
may be explained by a failure to produce soluble FasL. Mohan
et al (1997) postulated the induction of keratinocyte apoptosis
by soluble FasL released from injured cornea epithelium, a me-
chanism likewise conceivable in hair follicle epithelium of AA
mice.
Fas-de¢cient and FasL-de¢cient mice, however, show even less
apoptosis on hair follicles than control mice without AA, which
indicates that the Fas/FasL system is the main pathway leading to
apoptosis in hair follicles of these mice.
Figure 3. Increased numbers of apoptotic cells are found in C3H/HeJ mice with AA. Immuno£uorescence double staining for Fas (red £uorescence)
and TUNEL (green £uorescence, indicates apoptotic cells). Only single apoptotic cells in hair follicles of mice without AA (A), increased numbers of
apoptotic cells in AA-a¡ected mice (B). Nuclear staining: blue.
Figure 4.Virtually no apoptotic cell is present in hair follicles of Fas-de¢cient and FasL-de¢cient mice. Absence of TUNEL-positive cells (green
£uorescence) in hair follicles of FasL-de¢cient (left) and Fas-de¢cient (right) mice. Nuclear staining: blue. 15 mm=100 mm
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Hence it is likely that the Fas/FasL system plays a dual role in
the pathogenesis of AAin the early phase of the immune re-
sponse it may costimulate the proliferation of CD4þ and/or
CD8þ cells, whereas in the late phase it may induce apoptosis
to the hair follicle keratinocytes.
Nevertheless, AA develops in a minority of Fas-de¢cient and
FasL-de¢cient skin grafts. Thus, Fas/FasL-independent mechan-
isms must exist in the interaction between perifollicular in¢ltrat-
ing cells and the hair follicle, which alternatively may cause
injury to the hair follicle with subsequent hair loss. Similar ob-
servations have been made in experimental autoimmune ence-
phalomyelitis, which can be induced in Fas-de¢cient lpr mice by
adoptive transfer but not by peptide immunization (Dittel et al,
1999).
In summary, we have shown that the Fas/FasL system plays an
important pathogenetic role in AA. Our data point towards a
dual role of the Fas/FasL system in AA pathogenesis: (i) a costi-
mulatory role in the early phase of the disease process, and (ii) an
induction of apoptosis in Fas-expressing cells of the hair follicles
by FasL-expressing cells of the perifollicular in¢ltrate resulting in
hair loss.
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